Light Dark Matter, Light Higgs and the Electroweak Phase Transition 
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We propose a minimal extension of the Standard Model by two real singlet fields that could 
provide a good candidate for light Dark Matter, and give a strong first order electroweak phase 
transition. As a result, there are two CP even scalars; one is lighter than ~ 70 GeV, and the other 
one with mass in the range ~ 280 — 400 GeV; and consistent with electroweak precision tests. We 
show that the light scalar mass can be as small as 25 GeV while still being consistent with the LEP 
data. The predicted dark matter scattering cross section is large enough to accommodate CoGeNT 
and can be probed by future XENON experiment. We also show that for dark matter mass around 
2 GeV, the branching fraction of the process (B + — > K + + 2(DM)) can be accessible in SuperB 
factories. 



INTRODUCTION 

Understanding the nature of dark matter (DM) and 
the origin of the baryon asymmetry of the Universe 
(BAU) are two of the most important questions in both 
particle physics and cosmology. The Standard Model 
(SM) of the electroweak and strong interactions, fails in 
providing an explanation to these puzzles, which moti- 
vates for new physics beyond the SM. Further excitement 
came from the recent signal reported by CoGeNT, which 
favors a light dark matter (LDM) with mass in the range 
of 7 — 9 GeV and nucleon scattering cross-section around 
a N ~ 1CT 4 pb (see also 0). 

With few exceptions, most of the SM extensions make 
no attempt to address these two puzzles within the same 
framework. One of the exceptions is the minimal super- 
symmetric standard model (MSSM) in which the neutral 
lightest supersymmetric particle (LSP) is a candidate for 
DM whereas the the BAU can, in principle, be generated 
via the sphaleron processes when the electroweak phase 
transition (EWPT) is strongly first order. However, sys- 
tematic studies of the effective potential show that in 
order to have a strongly first order EWPT, the light stop 
and the lightest CP even Higgs must have masses smaller 
than 120 GeV and 127 GeV, respectively 0. On top of 
that, all the other squarks and sleptons are heavier than 
a few TeV, putting the original naturalness motivation 
under pressure. Thus, the electroweak baryogenesis in 
the MSSM is severely constrained. Also, the LSP with 
a mass around 10 GeV and an elastic scattering cross- 
section off a nuclei larger than ~ 10 -5 pb requires a very 
large tan 3 and a relatively light CP-odd Higgs. This 
choice of parameters leads to a sizable contribution to 
the branching ratios of some rare decays, which then dis- 
favors the scenario of light neutralinos [J] . 

The next-to-minimal supersymmetric standard model 
(NMSSM), with 12 input parameters, can enhance the 
strength of the EWPT without the need for a light stop 
0. However, to have a LDM with an elastic scattering 
cross-section, that is capable to generate the CoGeNT 
signal, is only in a finely tuned region of the parameters 



where the neutralino is mostly singlino and the light CP 
even Higgs is singlet-like with mass below few GeV 0. 
In this case, it is very difficult to detect such a light Higgs 
at the LHC. On the other hand, if the lightest Higgs is 
SM-like, it was shown that the NMSSM is incompatible 
with the CoGeNT data 0. 

In this work, we propose a simple and conservative 
extension of the SM with two real singlet scalar fields 
that possess a dark matter candidate lighter than 20 GeV 
and a strongly first order EWPT. In addition, it has the 
following interesting features: 

1) There is a parameter space that can accommodate 
the CoGeNT signal. 

2) The DM masses in the range of 5 ~ 9 GeV, have a 
relatively large DM elastic scattering cross-section, which 
makes them within the reach of near future direct detec- 
tion experiments. 

3) The light CP even scalar has mass in the range of 
20 ~ 70 GeV, and still consistent with the LEP data. 
Whereas the heavy one has mass in the range of 280 ~ 
400 GeV, while compatible with the electroweak precision 
tests. 

4) For DM mass in the range of 1.8 to 2.1 GeV, the 
predicted decay rate of B + — > K + + 2(DM) is greater 
than the SM background, and can be accessible to Super 
B-factories. 



THE MODEL 

We extend the SM by adding two real, spinless and 
Z2-symmetric fields: the dark matter field So for which 
the Z2 symmetry is unbroken and another scalar field 
Xi for which its Z2 symmetry is spontaneously broken. 
Both fields are SM gauge singlets and hence can interact 
with 'visible' particles only via the Higgs doublet H . The 
tree-level scalar potential that respects Z2-symmetries is 
given by 
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The spontaneous breaking of the electroweak and Z2 
symmetries introduces the two vacuum expectation val- 
ues v and v\ respectively 1 . With the value of v being 
fixed experimentally to 246 GcV, the model will have 
eight independent parameters. However, the DM self- 
coupling constant 770 does not enter the calculations of 
the lowest-order processes of this work, so effectively, we 
are left with seven input parameters. The minimization 
condition of the one-loop effective potential allows one 
to eliminate /x 2 and ji\ in favor of (u,t>i). The physical 
CP even scalars (ft.1,/12) with eigcnmasscs (7711,7712), are 
related to the excitations of the neutral component of the 
SM Higgs doublet field, h = \f2Re{H<^>) - v, and the 
field xi = Xi — Ui; through the mixing angle 9. In our 
analysis we require that (i) all the dimensionless quartic 
couplings to be << Att for the theory remains perturba- 
tive, (ii) and chosen in such a way that the ground state 
stability is insured, and (iii) the DM mass to be lighter 
than 20 GeV. 



FIRST ORDER PHASE TRANSITION 

In order to investigate the nature of the EWPT, we cal- 
culate the one-loop corrections to the tree-level potential 
coming from the loops of the top quark, the gauge fields, 
the Higgs doublet, the Goldstone bosons, and the extra 
singlet scalars. The one-loop effective potential at zero 
temperature is given in the DR scheme by 
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where A is a rcnormalization scale which we take to be 
at the top quark mass, mf(h, \i) are the field dependent 
squared masses, and rii are the fields multiplicities: n\y = 
6, nz = 3, 77/jj = n h2 = n So = 1, n x = 3, n t = -12. 
The finite temperature part of the effective potential [l(J , 



including the so called Daisy diagrams [llj , is given by 
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where Jb,f (a) = fx 2 log(l =F exp(— V x 2 + a))dx, and 


Hj(T) are the thermal masses. In the Daisy contribu- 
tion, the summation is only performed over the scalar 
and longitudinal gauge fields degrees of freedom. 



1 If this model has a conformal symmetry, nonzero vevs for the SM 
Higgs and Si can still be generated by quantum correction [i| 
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FIG. 1: The dependance of the vacuum expectation values of 
the doublet and singlet; y/2 < Re(H°(T)) > and < xi(T) >, 
on the temperature below (solid lines) and above (dashed lines) 
the critical temperature. 



In order to preserve the generated net baryon asymme- 
try from being erased by the (B + L) violating sphaleron 
processes below the critical temperature T„, requires that 
the EWPT has to be strongly first order [12| 



v(T c )/T c > 1. 
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This criterion must hold in all extensions of the SM and 
in particular the ones with extra singlet fields [IH . 

We show in FIG. Q] the dependance of the vevs on 
the temperature around T c . Unlike the SM, the posi- 
tion of the wrong vacuum (0, < Xi(^) 0) evolves 
with the temperature in such a way that the value the 
effective potential is shifted up with respect its value at 
(0, < Xi(0) >)■ This will result, compared to the SM, in 
a decrease in the critical temperature, which makes the 
ratio ((4]) larger, and therefore the EWPT stronger. In 
FIG.[2]-a, we plot the predicted cosine square of the mix- 
ing angles that can lead to a strongly first order EWPT. 



LIGHT DARK MATTER 

Since So is odd under the unbroken Z2 symmetry, it is 
a stable relic and can constitute the DM of the universe. 
Its relic density can be obtained using the standard ap- 
proximate solution to the Boltzmann equation: 
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where h is the normalized Hubble constant, Mpi = 
1.22 x 10 19 GeV is the Planck mass, is the number 
of relativistic degrees of freedom at the freeze-out tem- 
perature, Tf, and Xf = mo/T/ which, for ?tio = 1 ~ 20 
GeV, lies between 18.2 and 19.4. The quantity (vi2(J ann ) 
is the thermally averaged annihilation cross-section of Sq 
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FIG. 2: The (a) cos 2 d versus v(T c )/T c , and (b) the allowed re- 
gions of (mi, 7712) for benchmarks that fulfill the requirements 
of both the DM relic density and the first order EWPT. 
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FIG. 3: The predicted So direct detection cross section versus 
mo the for the benchmarks presented in FIG. \^ compared to 
different experimental constrains such as CDMS II ual and 
XENON 100 fl^\l . The black contour is the favored area by 
CoGeNT Q/. For the XENON 100 constrains, we used the 
lower estimate of the scintillation efficiency as described in 
fldl l. The yellow contour is the CoGeNT allowed region with 
small contamination as discussed in Ml, and the magenta and 
aqua contours represent the DAMA \lf\l and CRESST J20\] re- 
spectively. 



to light fermion pairs //, which proceeds via s-channel 
exchange of h\ and /12 for nif < mo/2 0]. 

In FIG. [2}b, we present the allowed mass range for the 
light and the heavy Higgs for which the thermal freeze- 
out abundance of So is in agreement with the WMAP 
data and also fulfill the criterion of strong EWPT. For 
those points, we calculate the So + nucleon detection 
cross-section using the expression 
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where to at and tub are the nucleon and baryon masses 
in the chiral limit [14j , and A and ij^ are the coupling 

Our predictions 



constants of HiSq and /12S0 given in 
for the spin independent DM scattering cross-section ver- 
sus the DM mass in the range 1 ~ 20 GeV are shown 
in FIG. El We see that, beside that, it is possible to 
accommodate the CoGeNT signal, the elastic scattering 
cross-section for too = 5^8 GeV is large enough to be 
probed by near-future direct detection experiments such 
as XENON1T [l5|. 

We also note that in this model, the DM candidate 
could have masses around ~ 10 GeV, and elastic scat- 
tering cross-section with nucleon ~ 3 x 10 _41 cm 2 ; that 
is compatible with both CRESST and CoGeNT experi- 
ments. However, the overlapping region of CRESST and 
CoGeNT is excluded by XENON [l7| when dark matter 
has identical couplings to protons and neutrons. 



POSSIBLE SIGNAL AT B FACTORIES 

Next, we look at the flavor changing process in which 
the meson B + decays into a K + plus missing energy. 
The corresponding SM mode is a decay into K + and 
a pair of neutrinos, with an estimated branching ra- 
tio Br SM (B+ K+ + vv) = (3.64 ± 0.47) x 10~ 6 
21 1. Since the experimental upper bound, reporte d by 



BABAR, is Br Ex P (B+ K+ + Inv) < 14 x 10~ 6 [22j, 
it has been argued that (very) light DM could explain 
this invisible channel [23j ]. In our model, for too < 2.5 
GeV, the most prominent B invisible decay is into SqSq, 
B So = Br (B+ -> K+ + S Q S Q ) given by 
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In this relation, tb = 1.638 =F 0.011 ps is the B + 
lifetime, m t , m b and m s are quark pole masses, 
m± = ms ± mx, Vtb and Vt s are flavor changing 
CKM coefficients, and Th-i 2 are the decay width of 
the physical Higgscs. The integration variable is s = 
(pb — Pk) 2 > where ps and px arc the B + and 
kaon momenta respectively. The function /0 (s) ~ 
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FIG. 4: The branching ratio Br(B + — > K + + Inv) versus 
mo for benchmarks with the right relic density and a strong 
EWPT. The upper blue line represents the experimental upper- 
bound on this rare process, while the lower one represents the 
expected rate according to the SM. The points above the green 
line have decay rate larger than the SM expectation by more 
than 5 times the theoretical uncertainties in B + — > K + + vv. 



FIG. 5: The scale factor k is shown versus the lightest Biggs 
mass for the points that have the right dark matter relic den- 
sity and a strong first order EWPT. The blue curve is the 
exclusion limit from OPAL f2l\] . The green benchmarks cor- 
respond to dark matter with masses in the range 1.8 — 2.4 GeV 
presented in FIG. [7] 
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form factor for B — > K transition [24 1 . 

In FIG. [71 we plot the predicted range of Br mv = 
[B So + Br SM (B + -> K+ + vv)} as a function of m . We 
see that mo < 1.8 GeV arc excluded, whereas masses 
in the range 1.80 ~ 2.38 GeV arc below the current 
experimental bound. It is interesting to note that for 
mo — 1.80 ~ 2.05 GeV, the predicted branching fraction 
can be substantially larger than the SM expectations, 
and can be probed in future Super B-factories. 



LIGHT HIGGS AND COLLIDER CONSTRAINTS 

As we have shown above, the first order EWPT and 
DM constraints predict that the mass of the light CP- 
even scalar mi is in the range of 20 ~ 70 GeV, whereas 
the heavy one has mass in the interval of 280 ~ 400 GeV. 
Moreover, for these mass ranges are consistent with the 
electroweak precision tests [25[ . 

If the recent experimental hint of a ~ 125GeV from 
the LHC (26, 27 1 and Tevatron [28| measurements is con- 
firmed, it implies that the electroweak phase transition 
in our model is not first order. Consequently, to explain 
the matter anti-matter asymmetry of the Universe will 
require invoking another mechanism for baryogenesis. 

For masses lighter than < 70 GeV, the LEP 
put strong constraints on the scale factor k = 
a (e + e~ — > hi) /a SM (e + e~ — > hi), which relates the 
production cross-section for hi to the SM one, and the 
reduction factor 



Rx SM (hi) 



, Br(fti->X SM ) 
' Br^'ih^XsM) 

-.(SM) , 



'(hi) 



fcrj 



l (h 1 )+r(h 1 ^s s ) 



(8) 



Here, Br (hi —> X$m) is the branching fraction of the 
light CP even scalar decaying into any kincmatically al- 
lowed SM particles, and Tl^ 1 ^ (hi) is its SM total decay 
rate. In our model, the constraints from light DM relic 
density and strong EWPT, result in T (hi — > S S ) be- 
ing larger than r( SA/ ) (hi — > bb) by more than 40 times. 
Thus, R bh (hi) < 0.03 x k 2 , which is below the LEP ex- 
clusion limit by virtue of hi — > bb for mi < 70 GeV. 

However, OPAL collaboration provides a limit on the 
scale factor k from the search of neutral scalar decaying 
into any kinematically allowed mode, including invisible 
decay. In FIG. 03 we display the predicted scale fac- 
tor as function of the light CP-even scalar mass. The 
green benchmarks correspond to the DM particles that 
are kinematically accessible in B + decay and satisfy the 
BABAR limit. 

Similarly, the heaviest Higgs partner, produced via 
gluon fusion, has a reduction factor just below the AT- 
LAS and CMS exclusion bound in the mass region of 280 
GeV to 400 GeV. With 20 ftr 1 integrated luminosity. It 
may still be possible for the ATLAS and CMS detectors 
to discover such a heavy Higgs. Clearly, this deserve a 
detailed study [30| . 

Before closing this section, we would like to mention, 
that if we allow the dark matter to be heavier than 20 
GeV, we find it possible for the EWPT to be strongly first 
order with DM mass of the order min(m^, mi)/2. Fur- 
thermore, for a Higgs mass around 125 GeV, it is possible 
to have i? 77 (hught) as large as 90% [3(J, and with heav- 
iest Higgs partner below the CMS and ATLAS exclusion 
bound. The possibility of having electroweak scale DM 
with strongly first order EWPT was also recently realized 
in the inner doublet mode 311. 
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CONCLUSION 

In conclusion, we showed that a simple extension of the 
SM with two real scalar fields can provide a light dark 
matter candidate and strongly first order phase transi- 
tion. Moreover, the elastic scattering cross-sections are 
large enough to accommodate the CoGeNT data, and for 
m : 5 ~ 8 GeV, can be tested by the future XENON ex- 
periments. Furthermore, for too ~ 2 GeV, the predicted 
branching fraction of the decay of B + — > K + + SoSo is 
substantially larger than the SM background, which can 
be within the sensitivity of the future SuperB factories. 
We also found that the mass of the light CP even scalar 
is lying in the range 20-70 GeV without being excluded 
by the LEP data, whereas the heavy one has mass in the 
interval 280 ~ 400 GeV .while still compatible with the 
ATLAS [11], and CMS |27| data. If the hint of a Higgs 
of mass ~ 125 GeV reported recently by the LHC and 
Tcvatron is confirmed, then the electrowcak phase transi- 
tion could no longer be first order, and the BAU problem 
has to be explained via another mechanism. 
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